We have a continuing interest in applying the current knowledge of cytochrome P450cam substrate recognition to engineer the enzyme for the biotransformation of unnatural substrates with the long-term aim of applications in the synthesis of fine chemicals and bioremediation of environmental contaminants. Comparisons of the structure of target substrates with that of camphor, the natural substrate, led to the design of active-site mutants with greatly enhanced activity for the oxidation of chlorinated benzenes and selectivity of (+)-α-pinene oxidation. The crystal structures of the F87W/Y96F/V247L mutant with 1,3,5-trichlorobenzene or (+)-α-pinene bound have revealed the enzyme-substrate contacts and provided insights into the activity and selectivity patterns. The structures have also provided a novel basis for further engineering of P450cam for increased activity in the oxidation of the highly inert pentachlorobenzene and hexachlorobenzene, and increased selectivity of (+)-α-pinene oxidation.
Introduction
The cytochromes P450 are a family of haem-dependent mono-oxygenases that are expressed in virtually all living organisms, one notable exception being Escherichia coli. P450 enzymes activate atmospheric dioxygen with two electrons from NAD(P)H and two protons to generate a highly oxidizing, oxy-ferryl porphyrin cation radical intermediate (analogous to Compound I of horseradish peroxidase), which oxidizes C-H bonds in a wide variety of compounds. P450 enzymes therefore play crucial roles in the oxidation of endogenous and exogenous compounds in biological systems [1] . Since the oxidation of unactivated C-H bonds under mild conditions has no equivalent in classical synthetic methodologies, P450 enzymes also have significant potential in biotransformation applications.
Cytochrome P450cam from Pseudomonas putida catalyses the totally selective oxidation of camphor to 5-exohydroxycamphor [2] [3] [4] . Wild-type P450cam has also been shown to oxidize camphor-like compounds [5] [6] [7] [8] [9] [10] , benzene derivatives [11] [12] [13] [14] [15] [16] , cycloarenes [17, 18] and 2-ethylhexanol [19, 20] , and to reductively dehalogenate chlorinated aliphatic compounds [21] [22] [23] . Ortiz de Montellano and co-workers have used the computer program DOCK to screen 20 000 molecules for binding by wild-type P450cam and the L244A mutant [24, 25] . A number of compounds were identified and subsequently shown to be substrates of the enzyme.
Extensive mutagenesis work has been carried out on P450cam using camphor and alkyl benzenes as substrates. A range of P450cam mutants containing combinations of mutations at Thr-101, Thr-185, Val-247 and Val-295 show enhanced activity for the oxidation of ethylbenzene [15] . Perhaps the most dramatic improvements in the oxidation of unnatural substrates have been reported for hydrophobic compounds such as alkanes [26] , styrene [27] , phenylcyclohexane [28] [29] [30] and polycyclic aromatic hydrocarbons [31] due to hydrophobic substitutions at the polar residue Tyr-96. Combinations of mutations at Tyr-96 and Val-247 have been shown to improve the activity and selectivity of the oxidation of alkanes and phenylcyclohexane [32] [33] [34] . The dramatic changes in substrate specificity and product selectivity produced with engineered P450cam enzymes, along with the recent advent of methods for the directed evolution of enzymes [35] [36] [37] [38] , are important steps in the development of P450 enzymes for biotechnological applications such as the manufacture of synthetic intermediates, novel fine chemicals and pharmaceuticals, and the bioremediation of recalcitrant environmental contaminants. Our interests centre on the chlorinated aromatic compounds that are environmental contaminants, and the monoterpenes whose derivatives are fine chemicals due to their pleasant odours and tastes [39, 40] . We describe below our recent efforts in the crystal structurebased engineering of P450cam for the oxidation of chlorinated benzenes and the monoterpene (+)-α-pinene.
The P450cam mutants: their design and activity
The crystal structure of wild-type P450cam with camphor bound within its active site is shown in Figure 1 [41] . The structure of (+)-α-pinene is closely related to that of camphor ( Figure 1 ). The camphor carbonyl group forms a hydrogen bond with Tyr-96 and contacts the Phe-87 side chain, and the C-10 methyl group contacts Phe-87 and Val-247. We assumed that (+)-α-pinene binds in an orientation similar to that of camphor. Since pinene does not have a carbonyl group, the Y96F mutation [7] should promote binding by removing the polar phenol side chain. The F87W and V247L mutations should improve the enzyme-substrate fit by compensating for differences in substrate structure [42, 43] . For the chlorinated benzenes, the most favourable binding orientation should have the substrate ring parallel to and in van der Waals contact with the haem. The first objective is therefore to reduce the space available at the top of the active site using the F87W and V247L mutations to constrain the substrate to bind close to the haem. The Y96F mutation should promote the binding of the hydrophobic chlorinated benzenes [44, 45] .
The activity of P450cam for the oxidation of these two classes of unnatural substrates with disparate structures is greatly enhanced by the mutations [42] [43] [44] [45] . The chlorinated benzenes are oxidized to the phenols. Interestingly the F87W/Y96F/V247L mutant shows high activity for the oxidation of chlorinated benzenes up to tetrachlorobenzene, but the activity for pentachlorobenzene (PeCB) and hexachlorobenzene oxidation is low. The major product of (+)-α-pinene oxidation is (+)-cis-verbenol, but none of the mutants shows the absolute selectivity of camphor oxidation of wild-type P450cam. The most selective is the F87W/Y96F/V247L mutant, which gives 70% (+)-cisverbenol; the other products include (+)-verbenone and (+)-myrtenol ( Figure 1) . The crystal structures of this mutant with 1,3,5-trichlorobenzene (1,3,5-TCB) or (+)-α-pinene bound within its active site has been determined to provide insight into the enzyme-substrate molecular-recognition interactions.
Crystal structures of the F87W/Y96F/V247L mutant with bound 1,3,5-TCB or (+)-α-pinene
The crystal structures of the F87W/Y96F/V247L mutant with either of the two unnatural substrates bound in the active site were determined at 100 K [43, 46] . Most of the Cα backbone and side chains of the mutant in both structures are superimposable on that of the wild type, suggesting that the backbone structure of P450 enzymes can be sufficiently rigid and that active-site mutations can have minimal effects on the structure.
There are four enzyme molecules in the unit cell of the F87W/Y96F/V247L mutant with bound 1,3,5-TCB; one is the substrate-free form, while 1,3,5-TCB is bound in different orientations in the other three (Figure 2) . The substratefree form of the mutant (Figure 2A ) has a cluster of three hydrogen-bonded water molecules in the active site, one of which acts as the sixth ligand to the haem iron. This is in sharp contrast to the six water molecules found in the wildtype structure, and indicates that the mutations facilitate the expulsion of active-site water molecules, which may explain the tighter binding of hydrophobic unnatural substrates by the mutants.
The binding orientations of 1,3,5-TCB in the other three mutant molecules (Figures 2B-2D ) are related by tilting of the TCB ring relative to the haem. In one molecule the substrate is in van der Waals contact with, and almost parallel to, the haem ( Figure 2B ). This orientation is expected to be the most favourable for both substrate binding (strong interaction between the two aromatic systems) and oxidation (the substrate is close to the haem iron). There is also a hydrogen bond between the NH of the Trp-87 indole side chain and one substrate chlorine atom. In the second enzyme molecule ( Figure 2C ) this hydrogen bond is maintained, but lengthened as the chlorine atom moves with the ring-tilt towards the side chain of the Leu-247. The ring is further tilted in the third molecule; the hydrogen bond to Trp-87 is broken and the chlorine atom is between the Trp-87 and Leu-247 side chains ( Figure 2D ). In addition, the substrate is rotated compared with the orientations in Figures 2(B) and 2(C), with the result that there is an Fe-Cl interaction. Two binding orientations are found for (+)-α-pinene. One orientation ( Figure 3A) is closely related to that found for camphor in the wild-type structure [41, 47] , but only one pinene geminal methyl group contacts the Val-295 side chain; the other contacts Thr-101 instead. The indole side chain of Trp-87 contacts pinene C-1, indicating that the F87W mutation compensates for the absence of the camphor carbonyl group. The predicted product is (+)-cis-verbenol. The other (+)-α-pinene-binding orientation ( Figure 3B ) can be generated from the first by rotation about the vector bisecting the pinene C-8,C-6,C-9 plane. The C-10 methyl is closest to the iron, and (+)-myrtenol should be the major product.
The two structures raise a number of points for the activity of P450 enzymes. First, the (+)-α-pinene binding orientations suggest equal amounts of (+)-cis-verbenol and (+)-myrtenol in the products. Experimentally the proportion of (+)-cis-verbenol (70%) far exceeds that of (+)-myrtenol (4%). Two factors are important here. The sp 2 C-H bonds at C-4 are more reactive than the sp 3 C-H bonds at C-10, and the two binding orientations are likely to undergo exchange at ambient temperature. A combination of substrate mobility and higher C-H bond reactivity therefore accounts for the product distribution. Hence, in general, substrate mobility will result in the most activated functional group in the substrate being attacked. This feature of P450 catalytic Figure 3 The two different binding orientations of (+)-α-pinene in the active site of the F87W/Y96/V247L mutant The orientation in (A) is closely related to that of camphor in the wild-type structure in Figure 1 , but the pinene is rotated such that one of the geminal methyl groups contacts Thr-101 instead of Val-295. The product of (+)-α-pinene (Pin) oxidation should be (+)-cis-verbenol. The orientation in (B) is related to that in (A) by rotation about the vector bisecting the C-8,C-6,C-9 plane. This orientation should give (+)-myrtenol.
activity is most relevant for xenobiotic-oxidizing enzymes, which, because of their relaxed substrate specificity, should have more open and flexible substrate-binding pockets that allow greater substrate mobility.
Secondly, no water molecule is found in the active site of the mutant with either 1,3,5-TCB or (+)-α-pinene bound, but both reactions show coupling efficiencies of only approx. 50%. The mechanism of uncoupling has been discussed [15, 47, 48] . For (+)-α-pinene the most likely pathway for exchange between the two binding orientations is rotation about the vector bisecting the C-8,C-6,C-9 plane (Figures 1  and 3 ). During this process the C-10 methyl group traverses the space above the haem and may interfere with the peroxide ligand, which would lead to uncoupling. In the case of 1,3,5-TCB, interconversion between the three binding orientations (Figures 2B-2D ) and rotation of the ring about its three-fold axis in the near-parallel orientation ( Figure 2B ) will bring one chlorine atom over the haem iron and give rise to uncoupling by peroxide loss. Moreover, the C-Cl bond is highly resistant to oxidation, and so, if one chlorine atom is located over the haem, the lifetime of the ferryl intermediate would increase and electron-transfer reduction could compete and lead to uncoupling [49] .
Crystal-structure-based engineering
The crystal structures provide a novel basis for P450cam active-site redesign. The F87W/Y96F/V247L mutant has low activity for the oxidation of PeCB [45] . The structure with 1,3,5-TCB bound shows that the Leu-244 side chain contacts a C-H bond of the substrate (Figure 2B ), suggesting that a mutation such as L244A could create space in the active site and allow the binding of the more bulky PeCB. This is indeed the case and the F87W/Y96F/L244A/V247L mutant shows 40-fold higher activity for the oxidation PeCB to pentachlorophenol [46] , although the coupling is only approx. 20% compared with >95% for camphor oxidation by the wild type [50] .
The enzyme-substrate contacts suggest that it is possible to bias the (+)-α-pinene binding orientation by mutations at Leu-244. The L244A mutation increases the selectivity, with the F87W/Y96F/L244A mutant giving 86% (+)-cisverbenol and 5% (+)-verbenone. The overall regioselectivity for C-4 attack (91%) is close to that for camphor oxidation by the wild-type. Intriguingly the Y96F/L244A/V247L mutant gives 55% (+)-cis-verbenol and 32% (+)-verbenone, suggesting that it is possible to prepare a P450cam mutant that will oxidize (+)-α-pinene specifically to (+)-cis-verbenol, while another mutant will give (+)-verbenone directly [43] . Similarly, it should be possible to promote (+)-myrtenol formation by disfavouring the binding orientation in Figure 3(A) , e.g. by closing off the space at the top of the active site which accommodates the pinene C-10 methyl group.
Conclusions
The crystal structures of a P450cam mutant with unnatural substrates bound within its active site have provided insights into the enzyme-substrate recognition interactions and allowed the design of mutations to alter the substrate specificity and product selectivity. Substrate mobility is a major factor in both the coupling efficiency and selectivity of product formation in P450-mediated catalysis. It appears that relatively high rates of oxidation of unnatural substrates by P450 enzymes can be engineered readily, but tight coupling and, more significantly, high product selectivity is a more interesting challenge.
